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[1] One such example is the modification of the histone H2B by ubiquitin (Ub) at multiple lysine residues. Of these, ubiquitination at Lys120 (H2K120Ub) is best studied. This PTM was suggested to modulate gene expression, trigger H3 methylation, and activate DNA damage response pathways. [2] In contrast, little is known about the effects and functions of the other sites of ubiquitination in H2B, K34, K46, K108, and K116. [3] Notably, the preparation of any of these ubiquitinated histone proteins for biochemical analyses has been a challenge in the field and has thus hampered a variety of studies aiming to understand the effect of ubiquitination on chromatin. Only recently, novel nonenzymatic approaches were introduced and enabled the preparation of homogeneously native H2K120Ub on a milligram scale for structural and functional analyses. [4] These approaches proved to be successful for the incorporation of this single modification or any other modification within the short C-terminal synthetic peptide.
In order to investigate the role of ubiquitination at other sites and to study the interplay of multiple modifications, a new synthetic strategy is needed. For example, it has been reported recently that ubiquitination of H2B at Lys34 directly regulates H3K4 and K79 methylation through trans-tail crosstalk both in vitro and in cells. [5] Hence, the preparation of such an analogue will enable studies aiming to understand how this modification regulates H3 methylation and potentially affects the structure of chromatin, as well as help to delineate mechanisms of K34 ubiquitination and deubiquitination. Here, we report our endeavors toward the total chemical synthesis of the H2B protein, and the successful sitespecific ubiquitination at Lys34 (H2K34Ub) for initial functional characterization.
If one considers the preparation of H2K34Ub semisynthetically through the expression of a large C-terminal H2B fragment that bears an N-terminal Cys or through total chemical synthesis by applying a ligation approach with three fragments, the 57mer H2B(1-57), which bears the K34 modification, has to be prepared synthetically. Because H2B lacks any Cys residue, an Ala to Cys mutation for native chemical ligation (NCL) combined with desulfurization [6] should be performed at Ala58 (Scheme 1). Even if the semisynthetic method were applicable, it would not allow the insertion of different PTMs along the sequence but only at the N-terminal fragment. [7] Our initial studies with a threefragment approach revealed that the synthesis of the 57mer peptide via Fmoc-SPPS was very difficult. We thus concluded that a total chemical synthesis of the H2B protein from four fragments is inevitable. Hence, we divided the H2B sequence, taking into consideration the position of Ala residues, to include H2B(1-20) labeled with an HA tag, H2B(21-57), H2B(58-96), and H2B(97-125). In such an approach, ubiquitination at K34 can be achieved by incorporating dmercaptolysine (K*) [8] in the fragment H2B(21-57), thus enabling isopeptide native chemical ligation (ICL). We also envisioned a convergent chemical synthesis approach via a peptide hydrazide intermediate [9] for the final assembly, first by ligating fragments H2B(1-20) and H2B(21-57), which bears a Ub, followed by ligation with H2B(58-125), which is prepared through ligation of fragments H2B(58-96) and H2B(97-125) . Convergent protein synthesis offers several advantages over linear approaches and several promising strategies have been reported recently. [10] Initially, we examined the synthesis of unmodified H2B to set the ground for the preparation of H2B that is modified at any desired site. Peptides H2B(1-20), H2B(21-57), and H2B(58-96), which bear activated C-termini, were prepared using the N-acylurea method (Supporting Information). [11] The N-terminal Ala in H2B(21-57) and H2B(97-125) were substituted with Cys to give peptides 3 and 1, respectively, and in H2B(58-96) with a 1,3-thiazolidine-4-carboxo (Thz) moiety to give peptide 2. To enable a convergent synthesis, the N-acylurea moiety in the H2B(21-57) fragment was substituted with hydrazine to form the stable C-terminal acyl hydrazide 3 (Scheme 1). Direct synthesis of this peptide on hydrazine-functionalized resin [9] failed to give the desired product directly. Overall, the syntheses of all fragments were straightforward with good yields (30-50 %; Supporting Information).
The assembly of the peptide fragments started with the ligation of peptides 2 and 1, followed by unmasking of the protected Cys of H2B(58-125) to furnish the desired product 5 in 40 % yield. On the other hand, the H2B(1-77) fragment 6, which bears a C-terminal acyl hydrazide moiety, was prepared in 55 % yield through ligation of peptides 4 and 3 for 6 hours. Final ligation between fragments 6 and 5 was started by dissolving peptide 6 in Gn . HCl (pH 3-4), followed by oxidation with sodium nitrite. [9] Subsequently, 4-mercaptophenylacetic acid (MPAA) [12] was added in several portions to furnish H2B(1-57)-MPAA. Finally, peptide 5 was added and the pH value of the solution was adjusted to around 6.5 by the addition of a solution of tris(2-carboxyethyl)phosphine hydrochloride (TCEP) in guanidine hydrochloride (Gn·HCl) to give a final peptide concentration of 1 mm. The ligation was completed after 6 hours to give the ligation product H2B(1-125) (7) in 25 % yield ( Figure S12 , Supporting Information). Peptide 7 was desulfurized using the described radical-based approach [13] to give the final H2B protein (8) in 45 % yield. Notably, in the final ligation step, a significant amount of side product ( % 40 %) was observed, which results from the lactamization of the C-terminus of peptide 6. This side product was formed during the oxidation toward the acyl azide, and the formation of the side product also progressed during thioester formation and ligation ( Figure S12 , Supporting Information). We reasoned that the lactamization was caused by nucleophilic attack of the eamine of the K57 side chain at the activated K57 C-terminus. Hence, we rationalized that the protection of the e-amine of K57 with a 6-nitroveratryloxycarbonyl (Nvoc) group to give 3 a should stop the lactamization in 6 a and facilitate the ligation (Scheme 1). Indeed, following this approach, the lactamization side reaction was suppressed to less than 10 %, which was due to partial deprotection of the Nvoc during the oxidation step. Interestingly, when 7 a was subjected to radical-based desulfurization conditions, we observed quantitative in situ deprotection of the Nvoc group, presumably through a radical mechanism, [14] to give the final product 8 (Figure 1 ). It should be mentioned that during ligation of peptides 3 and 4, lactam formation was also observed, it occurred however to a lesser extent and could be suppressed significantly by adding peptide 4 to the ligation mixture in portions. Such an approach was not applicable to the final ligation, because the thioester was prepared through a hydrazide intermediate. Surprisingly, several groups have already reported ligation at Lys residues, [15] however, such side reactions were not seen. It is plausible that the method of thioester preparation, the peptide sequence, and the ligation conditions (e.g. different thiol additives) may play a role in lactam formation. Thus, when ligating at a Lys site, extra precautions should be taken.
After the successful preparation of the unmodified H2B protein, we focused our attention on the application of the same strategy to the synthesis of H2K34Ub. The difference with this synthetic target is that an additional ligation step with Ub, which is located within peptide 3, is required. Because of the use of thioazolidine-protected d-mercaptolysine in this fragment, the N-terminal Cys had to be protected orthogonally with an acetamidomethyl group (Acm) to give 
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Cys(Acm)-[H2B(20-57)]K34K* (9 a), and allow sequential ligation after the ubiquitination step (Scheme 2). With all the fragments in hand, the synthesis started with the ligation of 9 a with the Ub thioester followed by Acm deprotection to give ubiquitinated Cys-[H2B(20-57)]K34K* (10 a). This intermediate was ligated with peptide 4 to furnish ubiquitinated H2B(1-57)-NHNH 2 (11 a). Contrary to our results with unmodified H2B, the oxidation of the acyl hydrazide in 11 a did not give the desired thioester intermediate, but produced an unidentified mixture. To our surprise, the unprotected K57 fragment 11 was partly oxidized and resulted in 60 % conversion to the desired thioester product along with 40 % lactamization and hydrolysis side products ( Figure S17A , Supporting Information). As observed previously, the lactam formation, which progressed during the course of the reaction to reach about 50 % ( Figure S17B and C, Supporting Information), resulted in a very low yield ( % 15 %) of the ligation product 12. The ligation product was then desulfurized to give the final product H2K34Ub (13) in 40 % yield after 8 hours (Figure 3 A) . All attempts to increase the yield were unsuccessful. Obviously and for unknown reasons, the presence of Ub in 11 (or 11 a) affected the oxidation step. Consequently, we reasoned that the ICL step with Ub should be postponed to after the oxidation-ligation step when using the Nvoc protecting group, which might prevent lactam formation.
We envisioned the assembly of full-length H2B bearing orthogonally protected d-mercaptolysine at position 34. Hence, the H2B(21-57) fragment 14 was prepared with an unprotected Cys at the N-terminus, K57 protected with Nvoc, and d-mercaptolysine protected with the photolabile o-nitrobenzyl [16] protecting group (Scheme 3). The ligation between peptides 14 and 4 proceeded in a straightforward manner, giving the ligation product 15 in 50 % yield. The oxidation of peptide 15, which bears an acyl hydrazide, also proceeded smoothly with around 90 % conversion, followed by further ligation with peptide 5 to furnish the full-length H2B(1-125) (16) , which bears both photolabile protecting groups, in 35 % yield (Figure 2 B) . The removal of these groups in the presence of methoxylamine and 1,6-dithiothreiol (DTT), was complete within 2 hours, giving the desired product [H2B(1-125)]K34K* (17) in 30 % yield (Scheme 3). This relatively low yield is due to the oxidation of the two Met Scheme 2. Synthesis of H2K34Ub by applying ubiquitination, followed by the full assembly of H2B.
residues ( % 15 %) that are present in the sequence, which was difficult to avoid (Figure 2 C) . Additional oxidation of these Met residues was also observed during the ligation of 17 with the Ub thioester, resulting in 15 % yield (Figure 2 D) . Desulfurization of the ligation product furnished the final product of H2K34Ub (13; Figure 3 A) . Although the oxidation of Met residues reduced the yield of the synthesis, we believe that their substitution with norleucine will significantly increase the yield of this synthetic strategy toward this construct and others analogues.
To begin analyzing the biochemical properties of H2K34Ub, we reconstituted histone octamers together with recombinant histones H2A, H3, and H4. [17] No difference in quality and efficiency of association compared to unmodified H2B could be observed in gel-filtration analysis (Figure 3 B) . We then assembled H2K34Ub containing octamers into dodecamer nucleosomal arrays by the classical salt-dialysis method using the 12 200 bp 601 DNA sequence template. [18] Like octamers that contain recombinant unmodified H2B or tagged H2B-6XHis, H2K34Ub-containing material assembled into chromatin as indicated by an upward shift in native agarose gel electrophoresis analysis (Figure 3 C) . Nucleosomal digestion with the unspecific DNase and micrococcal nuclease verified reconstitution of regularly spaced nucleosomes on the DNA (Figure 3 D) . From these results, we concluded that ubiquitination of H2B at Lys34 does not interfere with the assembly of nucleosomes.
In summary, we have developed a novel approach to the chemical synthesis of the unmodified H2B protein and its Lys34-ubiquitinated analogue by combining state of the art chemical-ligation methods. Despite several challenges throughout the synthesis, our approaches should, after further improvements, enable the large-scale production of H2B that is modified at essentiality any site. Together with the initial functional characterization, our work paves the road for further investigation of the role of Lys34 ubiquitination on the binding to chromatin.
